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Introduction {#sec1}
============

The mevalonate (MVA) pathway produces sterols, especially cholesterol, which is essential for cell membrane structure, bile acids, and steroid hormones ([@bib18]). Moreover, the MVA pathway is also known to synthesize isoprenoids, such as farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP), which are essential sources of protein prenylation ([@bib9]). In particular, prenylation comprises a post-translational process that modifies a multitude of proteins involved in protein synthesis and glycosylation, intracellular signaling, gene expression, and cell growth ([@bib9], [@bib18]). In addition, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase (HMGCR), a rate-limiting enzyme in the MVA pathway, catalytically converts HMG-CoA to MVA and is further repressed via negative feedback regulation ([@bib18]).

As the MVA pathway affects various metabolic pathways, inhibitors of HMGCR, also known as statins, have been extensively used in the clinic as an effective treatment for hypercholesterolemia, in addition to being considered as potential treatments for certain features of cardiovascular disease and hepatic disorders ([@bib25], [@bib48]). However, accumulating data indicate that the usage of statins has certain unexpected cholesterol-independent pleiotropic effects, such as increased risk of new-onset diabetes or muscle disorders ([@bib45], [@bib53]). Skeletal muscle-specific HMGCR knockout mice also exhibited similar symptoms ([@bib36]). Furthermore, disruption of HMGCR in the liver, the major target organ for statin metabolism, has been reported to cause liver steatosis and death ([@bib34]). These phenomena are thought to be caused by insufficient intermediate products generated in the MVA pathway ([@bib3], [@bib7]) and suggest that HMGCR is important for mammals and plays a different role in each organ.

Obesity, defined as an increase in adipose tissue mass, is thought to be highly related to lipid metabolism diseases, such as hypercholesterolemia ([@bib15], [@bib28]). In addition, adipose tissue is known to be the major organ for cholesterol storage, thus serving an important function in regulating systemic cholesterol metabolism ([@bib4], [@bib26]). However, the role of the MVA pathway in adipose tissue remains completely unknown. Previous studies have shown that MVA-derived metabolites, such as FPP and GGPP, serve as endogenous regulators of adipocyte function ([@bib19], [@bib51]). Moreover, MVA pathway-related gene expression is partially enhanced in the adipose tissue of an obese/diabetic mouse model ([@bib51], [@bib52]). These results reveal that isoprenoids may play an important role in the regulation of adipose tissue function. Thus, to further clarify the detailed role of isoprenoids in adipose tissue function, we generated adipose-specific MVA pathway-disrupted (aKO) mice through specific knockout of HMGCR in adipose tissue. Here, we show that the MVA pathway in adipocytes is both necessary and sufficient to maintain adipocyte survival, which in turn further influences systemic homeostasis.

Results {#sec2}
=======

aKO Mice Show Systemic Lipodystrophy {#sec2.1}
------------------------------------

To study the role of the MVA pathway ([Figure 1](#fig1){ref-type="fig"}A) in adipose tissues, we generated aKO mice using the Cre-loxP system. The floxed HMGCR mice, designed as shown in [Figure S1](#mmc1){ref-type="supplementary-material"}A, were crossed with adiponectin-Cre mice ([@bib14]). HMGCR knockout alleles were observed only in the genomic DNA extracted from white adipose tissue (WAT) and brown adipocyte tissue (BAT) and not in the DNA from other tissues in heterozygous aKO mice ([Figure S1](#mmc1){ref-type="supplementary-material"}B).Figure 1aKO Mice Exhibit Lipodystrophy and Diabetic Symptoms(A) Schematic illustration of the mevalonate pathway.(B) Body weight change of control (Ctrl) and aKO mice.(C) Relative fat and lean mass levels of 15-week-old Ctrl and aKO mice.(D) Gross morphology of iWAT (top panel), eWAT (also the liver, middle panel), and BAT (bottom panel) of Ctrl and aKO mice at 32 weeks of age. The arrows indicate the tissue position.(E) H&E-stained tissue sections of iWAT (top panel), eWAT (middle panel), and BAT (bottom panel) from Ctrl and aKO mice at 32 weeks of age. Scale bars, 200 μm.(F) Adipose tissue weights of Ctrl and aKO mice at 32 weeks of age.(G and H) Plasma adiponectin (G) and leptin (H) levels in Ctrl and aKO mice quantified at 32 weeks of age.(I and J) Food intake (I) and water consumption (J) of Ctrl and aKO mice measured from 14 to 32 weeks of age.(K and L) Plasma glucose (K) and insulin (L) levels analyzed in 32-week-old Ctrl and aKO mice.(M) GTT in Ctrl and aKO mice was assessed at 16 weeks of age.(N) ITT in Ctrl and aKO mice was assessed at 18 weeks of age.All mice were male and fed a normal diet (ND). Bars represent the mean ± SE. (n = 6--8). Significant differences were determined by Student\'s t test compared with Ctrl: \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Eight-week-old male ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}) and female mice ([Figure S2](#mmc1){ref-type="supplementary-material"}) were used. The body weights of aKO mice of both genders were higher than those of control (Ctrl) mice ([Figures 1](#fig1){ref-type="fig"}B and [S2](#mmc1){ref-type="supplementary-material"}A). Whole-body MRI scanning showed that fat mass was drastically decreased, whereas lean mass was slightly increased in aKO mice ([Figures 1](#fig1){ref-type="fig"}C and [S2](#mmc1){ref-type="supplementary-material"}B). As shown in [Figure 1](#fig1){ref-type="fig"}D, we observed that aKO mice lost almost all fat pads, including inguinal WAT (iWAT), epididymal WAT (eWAT), and BAT. Furthermore, compared with Ctrl mice, a very limited number of lipid-laden adipocytes was observed in adipose tissues (iWAT, eWAT, and BAT) in aKO mice ([Figure 1](#fig1){ref-type="fig"}E). Consistent with the appearance of WAT and BAT, the tissue weight and levels of plasma adipokines including adiponectin and leptin were extremely reduced in aKO mice ([Figures 1](#fig1){ref-type="fig"}F--1H and [S2](#mmc1){ref-type="supplementary-material"}C--S2E). Although the consumption of a high-fat diet (HFD) reversed the difference in body weight gain between the two genotype groups ([Figure S3](#mmc1){ref-type="supplementary-material"}A), this appeared to mainly result from increases of fat weight in the Ctrl group rather than from lipodystrophy amelioration in the aKO group ([Figures S3](#mmc1){ref-type="supplementary-material"}B--S3E). These results suggest that HMGCR in the adipose tissue plays a critical role in the maintenance of adipose mass and adipokine levels.Figure 2Impaired Liver Function and Metabolic Homeostasis in aKO Mice(A) Gross morphology of the liver (top panel) and liver sections stained with H&E (middle panel) and oil red O (bottom panel) in control (Ctrl) and aKO mice at 32 weeks of age. Scale bars, 200 μm.(B and C) Hepatic TG accumulation (B) and lipid metabolism-related gene expression (C) levels in 32-week-old Ctrl and aKO mice.(D and E) Hepatic glycogen (D) and gluconeogenesis-related gene expression (E) in 32-week-old Ctrl and aKO mice.(F--H) Plasma GOT and GPT activity (F) and hepatic inflammation- (G) and fibrosis- (H) related gene expression in 32-week-old Ctrl and aKO mice.(I--K) Locomotor activity (I), oxygen consumption (J), and RER (K) in 20- to 23-week-old Ctrl and aKO mice.(L) Plasma TG, FFA, cholesterol, and β-HB levels in 32-week-old Ctrl and aKO mice.All mice were male and fed a normal diet (ND). Values are presented as mean ± SE. (n = 6--8). Significant differences were determined by Student\'s t test compared with Ctrl: \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.Figure 3Implantation of WAT Reverses Diabetic Consequences in aKO Mice(A) Body weight change of sham-operated and WAT-transplanted aKO and control (Ctrl) mice as measured for 16 weeks.(B and C) Plasma adiponectin (B) and leptin (C) levels at 16 weeks after surgery.(D--G) Food intake (D) and water consumption (E), and plasma glucose (F) and insulin (G) levels as measured from 2 to 14 weeks after surgery. Bars represent mean ± SE. (n = 6--8). Bars with different letters represent significant difference (p \< 0.05) by one-way ANOVA with a post-hoc Tukey HSD test (C--H).(H) GTT was performed at 6 weeks after transplantation.(I) ITT was performed at 8 weeks after transplantation.Bars are presented as mean ± SE. (n = 6--8). Means with \* (Sham and Transplant versus Ctrl) and \# (Transplant versus Sham) presented significant differences (p \< 0.05) by one-way ANOVA with post-hoc Tukey HSD test.

aKO Mice Exhibit Severe Diabetes {#sec2.2}
--------------------------------

Food intake and water consumption in aKO mice were obviously higher than those in Ctrl mice ([Figures 1](#fig1){ref-type="fig"}I, 1J, [S2](#mmc1){ref-type="supplementary-material"}F, and S2G). Moreover, the non-fasting plasma glucose and insulin levels were markedly enhanced in aKO mice in both the normal diet (ND) ([Figures 1](#fig1){ref-type="fig"}K, 1L, [S2](#mmc1){ref-type="supplementary-material"}H, and S2I) and HFD ([Figures S3](#mmc1){ref-type="supplementary-material"}F and S3G) conditions, suggesting that glucose metabolism was disrupted in aKO mice. The glucose tolerance test (GTT) showed that plasma glucose levels were significantly higher in aKO mice after oral glucose administration, and the area under the curve also showed that glucose tolerance was reduced in aKO mice ([Figure 1](#fig1){ref-type="fig"}M). In the insulin tolerance test (ITT), plasma glucose levels were effectively reduced after insulin injection in Ctrl mice but not in aKO mice ([Figure 1](#fig1){ref-type="fig"}N). Female mice also showed similar results in GTT and ITT ([Figures S2](#mmc1){ref-type="supplementary-material"}J and S2K). These results clearly show that ablation of HMGCR in adipose tissues induced lipodystrophy accompanied by severe dysfunction of glucose metabolism.

aKO Mice Develop Ectopic Lipid Deposition in the Liver {#sec2.3}
------------------------------------------------------

Both male and female aKO mice had enlarged liver ([Figures 2](#fig2){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}L, [Table S2](#mmc1){ref-type="supplementary-material"}). Moreover, many bubble-like areas were found in liver sections of aKO mice stained with hematoxylin and eosin (H&E) ([Figure 2](#fig2){ref-type="fig"}A). Oil red O staining indicated obviously increased lipid droplets in aKO compared with Ctrl mice ([Figure 2](#fig2){ref-type="fig"}A). Consistent with this finding, hepatic triglyceride (TG) accumulation in aKO mice was enhanced ([Figures 2](#fig2){ref-type="fig"}B and [S2](#mmc1){ref-type="supplementary-material"}M). As shown in [Figure 2](#fig2){ref-type="fig"}C, hepatic lipid-synthesis-related genes, such as sterol regulatory element-binding protein 1 (*Srebf1*), fatty acid synthase (*Fasn*), and peroxisome proliferator-activated receptor gamma (*Pparg*), were highly expressed in aKO compared with Ctrl mice, whereas very limited changes were observed in lipid-oxidation-related gene expression, including that of acyl-coenzyme A oxidase 1 (*Acox1*), carnitine palmitoyltransferase IA (*Cpt1a*), and peroxisome proliferator-activated receptor alpha (*Ppara*). These results suggest that increased hepatic lipid accumulation in aKO mice might mainly result from the up-regulation of lipid biosynthesis. In addition, hepatic liver glycogen showed a 2.5-fold increase in aKO mice compared with Ctrl mice, and hepatic gluconeogenesis-related gene expression, such as that of phosphoenolpyruvate carboxykinase (*Pck1*), glucose-6-phosphatase (*G6pc*), and fructose-1,6-bisphosphate (*Fbp1*), was also higher in aKO compared with Ctrl mice ([Figures 2](#fig2){ref-type="fig"}D and 2E). These data suggest that adipose-disrupted HMGCR possibly affected hepatic glucose metabolism.

The activities of plasma glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT), the main hepatic injury markers, were significantly elevated in aKO mice compared with Ctrl mice ([Figures 2](#fig2){ref-type="fig"}F and [S2](#mmc1){ref-type="supplementary-material"}N). To determine whether aKO mice exhibited progressive hepatic fibrosis and inflammation, associated gene expression levels were evaluated. The expression of inflammatory marker genes, such as tumor necrosis factor alpha (*Tnf*), EGF-like module-containing mucin-like hormone receptor-like 1 (*Adgre1*, also known as F4/80), and integrin, alpha X (*Itgax*, also known as CD11c), was increased in aKO mice ([Figure 2](#fig2){ref-type="fig"}G). Moreover, expression of fibrosis-related genes including fibronectin (*Fn1*); transforming growth factor β (*Tgfb*); collagen, type I, alpha 1 (*Col1a1*); and alpha-actin-2 (*Acta2*, also known as alpha smooth muscle actin) was also increased in the liver of aKO mice ([Figure 2](#fig2){ref-type="fig"}H). These results indicate that HMGCR ablation in adipose tissue induced abnormal liver function with potential progression toward cirrhosis.

Adipose-Specific Disruption of HMGCR Alters the Pattern of Energy Expenditure {#sec2.4}
-----------------------------------------------------------------------------

Although locomotor activity was significantly reduced in aKO mice ([Figures 2](#fig2){ref-type="fig"}I and [S2](#mmc1){ref-type="supplementary-material"}O), the oxygen consumption rate was increased compared with Ctrl mice ([Figures 2](#fig2){ref-type="fig"}J and [S2](#mmc1){ref-type="supplementary-material"}P). The respiratory exchange ratio (RER) was decreased in aKO mice in the dark state, suggesting that aKO mice prefer to use fatty acid as an energy source compared with Ctrl mice ([Figures 2](#fig2){ref-type="fig"}K and [S2](#mmc1){ref-type="supplementary-material"}Q). Consistent with the RER results, we found that plasma β-hydroxybutyric acid (β-HB), a type of ketone body metabolized from fatty acid, was up-regulated, accompanied by an increase of several lipids, such as TG, free fatty acid (FFA), and cholesterol ([Figures 3](#fig3){ref-type="fig"}L and [S3](#mmc1){ref-type="supplementary-material"}R). Thus, these data indicate that adipose-specific HMGCR ablation disrupts lipid and energy metabolism, as well as locomotor activity.

Thiazolidinedione Improves Glucose-Metabolic Disorders without Rescuing Adipose Tissue Mass in aKO Mice {#sec2.5}
-------------------------------------------------------------------------------------------------------

A previous study reported that MVA metabolites could modulate PPARγ activity, which plays a central role in adipocyte differentiation ([@bib19]). Therefore, to examine whether lipodystrophy in aKO mice resulted from a reduction of PPARγ activity, we next orally administered a synthetic PPARγ agonist (pioglitazone \[Pio\], 30 mg/kg/day) to the mice for 10 weeks. Although Pio treatment reduced body weight gain and enhanced fat mass in aKO mice, the lack of adipose tissue in aKO mice was not improved ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C). Furthermore, Pio treatment further aggravated hepatomegaly, hepatic TG accumulation, and enhanced plasma GOT and GPT activities in aKO mice ([Figure S4](#mmc1){ref-type="supplementary-material"}D). Pio treatment increased the plasma adiponectin level and decreased the plasma leptin level in Ctrl mice but had no such effects in aKO mice ([Figures S4](#mmc1){ref-type="supplementary-material"}E and S4F). Although Pio failed to rescue the fat mass, the hyperphagia, hyperdipsia, hyperglycemia, and hyperinsulinemia were ameliorated by Pio treatment in aKO mice ([Figures S4](#mmc1){ref-type="supplementary-material"}G--S4J). Taken together, these results indicate that PPARγ agonist treatment improved several metabolic disorders independently of adipose tissue function in aKO mice, suggesting that HMGCR-mediated lipodystrophy was minimally associated with the deficiency of MVA-derivative PPARγ ligands.

Implantation of Adipose Tissue Reverses Diabetic Consequences in aKO Mice {#sec2.6}
-------------------------------------------------------------------------

Next, to investigate whether metabolic abnormalities in aKO mice were related to lipodystrophy, we performed WAT implantation. At 16 weeks after implantation, the fat grafts were successfully implanted subcutaneously and their weight was enhanced by approximately 1.8-fold compared with the initially transplanted fat weight ([Figure S5](#mmc1){ref-type="supplementary-material"}A). The transplanted fat pads exhibited blood vessel formation and showed normal histology ([Figures S5](#mmc1){ref-type="supplementary-material"}B and S5C). At six weeks after surgery, sham-operated (Sham) mice were significantly heavier than Ctrl and transplanted (Transplant) mice, which showed no significant difference in body weight ([Figure 3](#fig3){ref-type="fig"}A). Notably, however, fat implantation only resulted in mild recovery in plasma leptin and adiponectin levels ([Figures 3](#fig3){ref-type="fig"}B and 3C). Furthermore, we found that the enhanced food intake and water consumption in Sham mice were completely reversed by fat transplantation ([Figures 3](#fig3){ref-type="fig"}D and 3E). In addition, glucose metabolic disturbances including hyperglycemia, glucose intolerance, and insulin resistance in aKO mice were almost entirely reversed by fat transplantation ([Figures 3](#fig3){ref-type="fig"}F--3I). These results demonstrated that the severe diabetic symptoms occurring in adipose-specific HMGCR knockout were mainly due to WAT deficiency.

Adipose Tissue Implantation Reverses Defects of Hepatic Metabolism in aKO Mice {#sec2.7}
------------------------------------------------------------------------------

We next addressed whether the defective hepatic phenomena in aKO mice could be improved through fat transplantation. As shown in [Figure 4](#fig4){ref-type="fig"}A, the abnormal liver appearance and hepatic histology in Sham mice were reversed in Transplant mice. Consistent with this finding, hepatic TG accumulation levels were normalized by fat transplantation in aKO mice ([Figure 4](#fig4){ref-type="fig"}B). The gene expression associated with lipid synthesis was significantly up-regulated in the Sham compared with the Ctrl group, whereas such up-regulation was largely diminished in the Transplant group ([Figure 4](#fig4){ref-type="fig"}C). Furthermore, fat implantation also reversed the abnormalities in both total hepatic glycogen levels and gluconeogenesis-related gene expression in aKO mice ([Figures 4](#fig4){ref-type="fig"}D and 4E). These results suggest that both abnormal hepatic lipid and glucose metabolism in aKO mice mainly resulted from insufficient WAT.Figure 4Hepatic Function and Systemic Metabolism Are Improved in Fat-Transplanted aKO Mice(A) Gross morphology of the liver (top panel) and liver sections stained with H&E (middle panel) and oil red O (bottom panel) at 16 weeks after surgery. Scale bars, 200 μm.(B and C) Hepatic TG accumulation (B) and lipid metabolism-related gene expression (C) at 16 weeks after surgery.(D and E) Hepatic glycogen (D) and gluconeogenesis-related gene expression (E) at 16 weeks after surgery.(F--H) Plasma GOT and GPT activity (F), and hepatic inflammation- (G) and fibrosis- (H) related gene expression at 16 weeks after surgery.(I--K) Locomotor activity (I), oxygen consumption (J), and RER (K) at 16 weeks after surgery.(L) Plasma TG, FFA, cholesterol, and β-HB levels at 16 weeks after surgery.Bars represent mean ± SE. (n = 6--8). Bars with different letters represent significant difference (p \< 0.05) by one-way ANOVA with a post-hoc Tukey HSD test.

Consistent with liver appearance and morphological variation, the increased plasma GOT and GPT activities in the Sham group were both reduced to the levels in the Ctrl group by fat transplantation ([Figure 4](#fig4){ref-type="fig"}F). Moreover, inflammation- and fibrosis-related gene expression were increased in the Sham group, whereas these changes were significantly reversed in the Transplant group ([Figures 4](#fig4){ref-type="fig"}G and 4H). These results suggest that fat implantation likely improved hepatic inflammation and fibrosis in aKO mice.

Fat Transplantation Partially Improves the Pattern of Energy Expenditure in aKO Mice {#sec2.8}
------------------------------------------------------------------------------------

Notably, the decreased locomotor activity was completely reversed by fat implantation in aKO mice ([Figure 4](#fig4){ref-type="fig"}I). As shown in [Figure 4](#fig4){ref-type="fig"}J, Sham mice showed higher oxygen consumption than Ctrl mice, whereas this enhancement was depressed in Transplant mice. Furthermore, based on the results of RER, the energy source was shifted from lipid to carbohydrate usage in aKO mice by fat transplantation ([Figure 4](#fig4){ref-type="fig"}K). Consistent with this finding, the increase in plasma β-HB level was reversed by fat implantation in aKO mice as well ([Figure 4](#fig4){ref-type="fig"}L), indicating that the disrupted lipid metabolism in aKO mice was possibly improved by fat transplantation. As expected, adipose tissue implantation reversed the up-regulation of plasma lipid levels in aKO mice ([Figure 4](#fig4){ref-type="fig"}L). These findings support that the disrupted metabolism and activity pattern in aKO mice might be largely due to an insufficiency of systemic adipose tissue.

Inadequate HMGCR Causes Adipocyte Death *In Vitro* {#sec2.9}
--------------------------------------------------

To examine why HMGCR deficiency causes lipodystrophy, we used lovastatin (Lova) to inhibit HMGCR activity in differentiated 3T3-L1 adipocytes. The stained lipid droplets and intracellular TG levels were obviously decreased in Lova-treated 3T3-L1 adipocytes, whereas these phenotypic variations were reversed in the presence of MVA or GGPP but not squalene or FPP ([Figures S6](#mmc1){ref-type="supplementary-material"}A and S6B). Moreover, HMGCR inhibition extensively decreased cell viability, and this effect was prevented by MVA and GGPP ([Figure S6](#mmc1){ref-type="supplementary-material"}C), as evidenced by the number of Hoechst-stained nuclei ([Figure S6](#mmc1){ref-type="supplementary-material"}A). In addition, we isolated primary preadipocytes from the WAT of an HMGCR f/f mouse (primary WAT). Consistent with the other findings, in differentiated primary WAT cells, we found that the Lova-induced reduction in lipid accumulation was reversed by co-treatment with MVA or GGPP but not squalene or FPP ([Figures 5](#fig5){ref-type="fig"}A and 5B). Furthermore, the Lova-mediated reduction of adipocyte viability was ameliorated in the presence of MVA or GGPP ([Figure 5](#fig5){ref-type="fig"}C). Therefore, Lova-mediated inhibition of the MVA pathway leads to decreased adipocyte viability. Interestingly, MVA and GGPP but not FPP could completely prevent Lova-induced adipocyte death ([Figures 5](#fig5){ref-type="fig"}A--5C and [S6](#mmc1){ref-type="supplementary-material"}A--S6C). However, treatment with isopentenyl pyrophosphate (IPP) alone failed to avert Lova-induced reduction of both lipid accumulation and Hoechst-stained nuclei, but successfully rescued these processes when combined with FPP in primary WAT cells ([Figure S7](#mmc1){ref-type="supplementary-material"}). Therefore, both IPP, enzymatically synthesized from MVA, and FPP are required for GGPP synthesis.Figure 5Mevalonate Pathway-Derived Metabolites Are Necessary for Adipocytes(A--C) After the primary WAT cells were differentiated and kept until D4, they were treated with 10 μM Lova in combination with or without MVA metabolites for an additional 4 days (A). The lipids and nuclei in primary WAT cells were stained with Nile red (top panel) and Hoechst 33342 (middle panel), respectively (A). TG accumulation levels (B) and cell viability (C) are also shown. Merge (bottom), the combined images of Nile red and Hoechst. Scale bars, 200 μm.(D and E) After the primary Ert2+ Cre WAT cells were differentiated and kept until D4 to D6, they were treated with Tamo for an additional 48 hr and used for analysis of genomic alleles (D) or *Hmgcr* mRNA levels (E).(F) *Adipoq* mRNA expression during adipocyte differentiation.(G--I) Primary Ert2+ Cre WAT cells were differentiated and kept until D4. Subsequently, the cells were treated with 10 μM Tamo for an additional 48 hr and co-treated with the MVA metabolites until D14 (G). The lipids and nuclei in primary WAT cells were stained with Nile red (top panel) and Hoechst33342 (middle panel), respectively (G). TG accumulation levels (H) and cell viability (I) are also shown. Merge (bottom), the combined images of Nile red and Hoechst. Scale bars, 200 μm. MVA metabolites included 30 μM MVA, 30 μM squalene, 10 μM FPP, and 10 μM GGPP.Bars represent mean ± SE. (n = 6). Bars with different letters represent significant differences (p \< 0.05) by one-way ANOVA with a post-hoc Tukey HSD test.

To exclude the possibility of adipocyte death caused by cholesterol deficiency, cholesterol was added to Lova-treated primary WAT cells. As shown in [Figures S8](#mmc1){ref-type="supplementary-material"}A and S8B, the Lova-decreased lipid accumulation and Hoechst-stained nuclei in primary WAT cells could not be restored to normal levels by cholesterol treatment. We also fed aKO mice with a high-cholesterol diet (HCD) for 6 weeks. Although the plasma cholesterol level in HCD-fed aKO mice was substantially higher than that in ND-fed aKO mice ([Figure S8](#mmc1){ref-type="supplementary-material"}C), adipose tissue mass and plasma adipokine levels in HCD-fed aKO mice did not recover to normal levels ([Figures S8](#mmc1){ref-type="supplementary-material"}D--S8G). These results clearly suggest that adipocyte death resulting from the inhibition of the MVA pathway was most likely not related to cholesterol insufficiency.

Next, to mimic the HMGCR knockout in adipocytes, we stably induced tamoxifen (Tamo)-activated Cre in primary WAT cells (primary Ert2Cre+ WAT). As shown in [Figure 5](#fig5){ref-type="fig"}D, Tamo treatment for 48 hr knocked out the *Hmgcr* gene in a concentration-dependent manner in primary Ert2Cre+ WAT cells. In particular, mRNA expression levels of *Hmgcr* in differentiated primary Ert2Cre+ WAT cells showed concentration-dependent reduction by Tamo treatment ([Figure 5](#fig5){ref-type="fig"}E). As we observed that *Adipoq* expression levels in these cells were drastically increased from 4 days after differentiation induction ([Figure 5](#fig5){ref-type="fig"}F), we assumed that the knockout program was triggered from D4 to D6. Differentiated primary Ert2Cre+ WAT cells were then treated with 10 μM Tamo and simultaneously with the MVA metabolites, as shown in [Figure 5](#fig5){ref-type="fig"}G. The stained lipid droplets and intracellular TG levels were obviously decreased in Tamo-treated adipocytes, whereas these phenotypic variations were reversed in the presence of MVA or GGPP but not squalene or FPP ([Figures 5](#fig5){ref-type="fig"}G and 5H). Moreover, Hoechst staining of nuclei and the cell viability assay showed that HMGCR knockout extensively reduced the number of adipocytes and that this effect was prevented by MVA or GGPP treatment ([Figures 5](#fig5){ref-type="fig"}G and 5I). These results suggested that the disruption of the MVA synthesis pathway caused adipocyte death, which may be have been due to the lack of GGPP.

Apoptosis May Be Associated with HMGCR Deficiency-Induced Adipocyte Death {#sec2.10}
-------------------------------------------------------------------------

We observed that smaller cells and cell debris, characteristic of apoptotic cell death, occurred in the disrupted HMGCR adipocytes upon both genetic and pharmacological manipulation ([Figures 6](#fig6){ref-type="fig"}A and [S9](#mmc1){ref-type="supplementary-material"}A). Thus, we stained cells with annexin V-fluorescein isothiocyanate (annexin V) and propidium iodide (PI), which indicate early and late apoptosis, respectively. In the Lova-treated 3T3-L1 adipocytes, the numbers of cells stained with annexin V and PI were increased, and this effect was reversed by co-treatment with MVA and GGPP ([Figure S9](#mmc1){ref-type="supplementary-material"}B). Consistent with this finding, Lova-treated primary WAT exhibited almost identical morphological changes ([Figure 6](#fig6){ref-type="fig"}B). In addition, Tamo-induced genetic ablation of HMGCR increased the numbers of annexin V- and PI-stained primary Ert2Cre+ WAT cells, and these phenomena were ameliorated by the addition of MVA or GGPP but not squalene or FPP ([Figure 6](#fig6){ref-type="fig"}C). Consistent with the results described above, expression of the anti-apoptotic gene B-cell lymphoma 2 (*Bcl-2*) was decreased, whereas that of the apoptotic genes Bcl-2-associated X protein (*Bax*) and caspase 3 (*Casp3*) was increased in HMGCR-knockout adipocytes ([Figure 6](#fig6){ref-type="fig"}D). Conversely, these apoptosis-related gene expression changes were dramatically reversed by the administration of MVA or GGPP ([Figure 6](#fig6){ref-type="fig"}D). These results indicate that the MVA biosynthesis pathway, especially GGPP, may serve an important role to control adipocyte viability by regulating apoptosis.Figure 6GGPP Is Involved in Adipocyte Survival by Regulating Apoptosis(A) Morphological observation of HMGCR-ablated primary Ert2Cre+ WAT cells. Arrowheads indicate the shrunken adipocytes. Scale bars, 200 μm.(B and C) Annexin V (top panel) and PI (middle panel) staining was performed in primary WAT at D8 (B) and Ert2Cre+ WAT at D14 (C). Merge (bottom panel), the combined images of Annexin V and PI. Scale bars, 200 μm.(D) Apoptosis-related gene expression in primary Ert2Cre+ WAT at D14.Bars represent mean ± SE. (n = 6). Bars with different letters represent significant differences (p \< 0.05) by one-way ANOVA with a post-hoc Tukey HSD test.

GGPP Plays an Essential Role in Maintaining Adipocyte Survival by Regulating Apoptosis {#sec2.11}
--------------------------------------------------------------------------------------

To further confirm whether GGPP is the key metabolite necessary for adipocyte survival, we treated primary WAT cells with zoledronate (Zol) to inhibit GGPP synthesis ([@bib21], [@bib35]). Zol treatment significantly decreased the lipid accumulation, number of Hoechst-stained nuclei, and cell viability ([Figures 7](#fig7){ref-type="fig"}A--7C). However, these Zol-induced effects were completely reversed by GGPP addition and only partially reversed by FPP addition, indicating that GGPP depletion caused adipocyte death ([Figures 7](#fig7){ref-type="fig"}A--7C). Moreover, Zol-induced apoptosis, as confirmed by the apoptosis staining assay and apoptosis-related gene expression, was compromised by supplementation of GGPP ([Figures 7](#fig7){ref-type="fig"}D and 7E).Figure 7GGPP Is Necessary to Modulate Apoptosis in Adipocytes(A--C) After the primary WAT cells were differentiated and kept until D4, they were treated with 30 μM Zol in combination with or without FPP or GGPP for an additional 4 days (A). The lipids and nuclei in primary WAT cells were stained with Nile red (top panel) and Hoechst 33342 (middle panel), respectively (A). TG accumulation levels (B) and cell viability (C) are also shown. Merge (bottom panel), the combined images of Nile red and Hoechst. Scale bars, 200 μm.(D and E) Annexin V (top panel) and PI (middle panel) staining (D) and measurement of apoptosis-related gene expression (E) were performed in primary WAT at D8. Merge (bottom panel), the combined images of Annexin V and PI. Scale bars, 200 μm.(F and G) Annexin V (top panel) and PI (middle panel) staining (F) and measurement of apoptosis-related gene expression (G) were performed in coxsackievirus-adenovirus receptor-overexpressed 3T3-L1 infected with shlacZ or shGGPS\#2 at D8. Merge (bottom panel), the combined images of Annexin V and PI. Scale bars, 200 μm.Bars represent mean ± SE. (n = 6--8). Bars with different letters represent significant differences (p \< 0.05) by one-way ANOVA with a post-hoc Tukey HSD test.

Next, GGPP synthase (Ggps) was genetically down-regulated by infection of adenovirus encoding *Ggps*-specific short hairpin RNA (shGGPS) in 3T3-L1 adipocytes overexpressing the coxsackievirus-adenovirus receptor ([Figure S10](#mmc1){ref-type="supplementary-material"}A). Compared with the control group (shlacZ), all types of shGGPS (shGGPS\#1, \#2, and \#3) decreased the expression of *Ggps* and the anti-apoptotic gene *Bcl-2* and enhanced the expression of the apoptotic genes *Bax* and *Casp3*, suggesting that *Ggps* knockdown induced apoptosis in differentiated adipocytes ([Figures S10](#mmc1){ref-type="supplementary-material"}B and S10C). Next, we performed a GGPP add-back experiment to prove that GGPP depletion is the main driver of apoptosis. As shown in [Figures S10](#mmc1){ref-type="supplementary-material"}D--S10F, shGGPS caused adipocyte death, whereas GGPP addition could prevent it. Furthermore, the results of apoptosis staining and relative gene expression showed that GGPP supplementation ameliorated shGGPS-induced adipocyte apoptosis ([Figures 7](#fig7){ref-type="fig"}F and 7G). These findings indicate that GGPP is the key metabolite in the MVA pathway, which is indispensable for adipocyte survival, possibly through a mechanism that modulates apoptosis.

Discussion {#sec3}
==========

The MVA biosynthesis pathway produces not only sterols but also non-sterols termed isoprenoids, such as FPP and GGPP ([@bib9], [@bib18]). Isoprenoids have been shown to play an important role in controlling cell metabolism and viability for both cancer and normal cells, such as fibroblasts, immune-related cells, and neuronal cells ([@bib32], [@bib33], [@bib46], [@bib47]). Here, we established HMGCR deficiency models *in vivo* and *in vitro* that indicated that the MVA pathway is essential for adipocyte survival, and that suggest that GGPP may contribute in controlling adipocyte death by regulating apoptosis.

In humans, lipodystrophy can broadly be classified into genetic and acquired types ([@bib23]). Both these lipodystrophies frequently display some metabolic phenomena, such as hepatic disorders, abnormal glucose metabolism, and dyslipidemia ([@bib23], [@bib30]). Consistent with phenotypic variations resulting from lipodystrophy in humans, in the current study, aKO mice exhibited lipodystrophic phenotypes along with hepatomegaly, severe diabetic symptoms, and abnormal lipid metabolism. Furthermore, these lipodystrophy-related metabolic changes have also been confirmed in different lipodystrophic mouse models, such as the A-ZIP/F1 mouse, which is the typical fatless mouse model ([@bib31]), or in mice with double knockout for insulin receptor and insulin-like growth factor 1 ([@bib6], [@bib41]). Consistent with these lipodystrophic model mice, aKO mice also presented a dramatic decrease in both WAT and BAT mass. However, [@bib20] have shown that BAT-atrophic mice exhibit a diabetic phenotype without insulin resistance. These results suggest that at least the diabetic phenotype occurring in aKO mice mainly resulted from atrophy of WAT but not BAT.

The symptoms of lipodystrophic patients or mouse models have largely been reported; however, the phenomena differ based on the respective cause and its mechanisms. In humans, patients with acquired-type lipodystrophies have almost normal weight or are underweight, whereas genetic-type lipodystrophies have different effects on body mass index variation ranging from underweight to overweight according to the mutant gene ([@bib23]). In comparison, lipodystrophic mice generated by PPARγ disruption exhibit a decrease in body weight gain despite an increase of food intake, energy expenditure, and activity ([@bib24]). The A-ZIP/F1 mouse displayed an obviously enhanced body weight and food intake with no significant variations in energy expenditure and activity ([@bib22], [@bib31]). Conversely, in the current study, aKO mice showed increased body weight, food intake, and energy expenditure but decreased locomotor activity. Thus, lipodystrophic phenotypes, such as body weight, food intake, or energy expenditure, possibly vary between cases.

PPARγ mutations represent one genetic type of lipodystrophy ([@bib23]). Our previous study reported that the MVA-derived metabolite, FPP, acts as a PPARγ ligand ([@bib19]), suggesting that lipodystrophy in aKO mice possibly results from deficiency of a PPARγ ligand. However, Pio treatment failed to reverse the lipodystrophy in aKO mice, whereas it partially improved diabetic phenotypes. In addition, Pio administration significantly increased liver weight and hepatic lipid accumulation but decreased body weight in aKO mice. It has been reported that rosiglitazone treatment improved the glucose metabolism but enhanced liver weight and hepatic lipid accumulation in A-ZIP/F1 mice ([@bib16]). In contrast, in the case of patients with familial partial lipodystrophy, thiazolidinedione (TZD) treatment improved not only diabetic symptoms but also liver disorders such as steatosis and fibrosis ([@bib8]). It is possible that the improved liver function with TZD treatment is due to TZD-induced adipocyte differentiation and proliferation, which helps to reverse the excess hepatic lipid storage associated with insufficient adipose tissue mass ([@bib10]). Combined with these results, our findings suggest that without adequate functional adipose tissue, the liver in aKO mice may constitute the primary and major target organ of TZD action, which is related to systemic glucose and lipid metabolism.

Although local cholesterol deficiency, or that of its metabolites, might contribute to MVA pathway inhibition-induced lipodystrophy in aKO mice, many reports disagree with the cholesterol contribution in lipodystrophy. Severe genetic hypocholesterolemia has been found not to be associated with fat mass loss in humans ([@bib43]). Moreover, in the present study, even though the plasma cholesterol level was initially higher in aKO mice and was boosted by HCD, elevated plasma cholesterol seemed to be unable to restore the adipose tissue mass. Consistent results could be found with HMGCR-disrupted adipocytes treated with cholesterol. Although the cause of lipodystrophy in aKO mice seems to weakly relate to cholesterol deficiency, the incapability of *de novo* steroid synthesis was not completely excluded. For instance, in adipocytes, 27-hydroxycholesterol has been identified as one of the major products synthesized *de novo* from cholesterol by Cyp27a1. However, in mice that were deprived of Cyp27a1, no differences in WAT and body weight gain were observed, when compared with wild-type mice ([@bib29]). Although further investigation is needed, these results indicate that deficiency of cholesterol, or that of its metabolites, plays a minor causative effect in lipodystrophy in aKO mice.

Notably, both lipodystrophy and obesity have been shown to exhibit several similar metabolic characteristics ([@bib23], [@bib30]), suggesting that adipose tissue plays an important role in metabolic homeostasis. Previous reports demonstrated that implantation of adipose tissue reversed the diabetic symptoms in A-ZIP/F1 mice ([@bib17]). Similarly, the present results showed that adipose tissue implantation led to dramatic recovery in all metabolic disorders in aKO mice. These phenotypic effects may have been caused by several mechanisms. First, transplanted fat grafts functionally secrete adipokines, such as adiponectin and leptin, which may contribute to the metabolic improvement. [@bib50] reported that lipodystrophy-induced insulin resistance was completely reversed by combined treatment of adiponectin and leptin. In addition, it has been found that transplantation of leptin-deficient adipose tissue only minimally improved lipodystrophy-related metabolic abnormalities in A-ZIP/F1 mice ([@bib11]). [@bib11] also showed that the contribution of fat transplantation to plasma adiponectin is very low and that leptin treatment improved metabolism without any changes in adiponectin levels. Consistent with this finding, leptin treatment and overexpression of leptin also yielded an improvement in glucose metabolism and hepatic lipid accumulation in Srebp-1c Tg and A-ZIP/F1 mice, respectively ([@bib13], [@bib40]). These observations suggest that leptin is possibly a major adipokine required for the regulation of glucose and lipid metabolism when adipose tissue is lacking. Second, implanted fat grafts allow the storage of lipids such as FFA, cholesterol, and TG. [@bib17] reported that at 13 weeks after transplantation in A-ZIP/F1 mice, the total weight of transplanted fat increased by approximately 1.4-fold, and that the improvement of metabolic disorders was dose dependent with transplanted fat mass. In addition, low-mass fat implantation also ameliorated the disruption of glucose and lipid metabolism without any increase of leptin ([@bib17]). Furthermore, TZD improved hepatic and diabetic disorders in patients with lipoatrophy concomitant with enhanced adipose tissue mass ([@bib8]). In the present study, both transplanted fat pad mass and adipocyte size were enhanced, indicating that the recovered capacity for storage of lipids in adipose tissue may contribute to the improvement of metabolic disorders caused by lipodystrophy. Moreover, fat transplantation also enhanced the increase of plasma leptin in aKO mice by 14-fold, despite an overall recovery to only 35% of the level of Ctrl mice. However, whether this enhanced plasma leptin level is sufficient to repress the abnormal metabolism in aKO mice remains unclear and requires further investigation.

The MVA pathway has been implicated in multiple aspects of the cell cycle including cell differentiation, survival, and growth ([@bib5], [@bib12]). For example, it has been reported that the MVA pathway is essential for regulation of the proliferation and growth of vascular smooth muscle cells ([@bib5]). Several cancers, such as colorectal cancer and melanoma, were inhibited by administration of HMGCR inhibitors ([@bib12]). These reports suggested that MVA pathway inhibition is possibly linked to programmed cell death, i.e., apoptosis ([@bib5], [@bib12], [@bib49]). Similarly, in adipocytes, we found that a disrupted MVA pathway caused cell death that at least partially involved isoprenoid-regulated apoptosis. The possible involvement of coenzyme Q10 (CoQ) deficiency or impaired GGPP-related prenylation has been reported in several cell lines, such as myocytes, hepatocytes, or tumor cells, as the underlying mechanism of HMGCR inhibition-induced apoptosis ([@bib1], [@bib2], [@bib12], [@bib44]). However, CoQ supplementation did not prevent Lova-induced adipocyte death, and treatment of GGTI2133 and Y27632, inhibitors of geranylgeranyl transferase and Rho-associated protein kinase, respectively, did not alter the outcome of adipocyte death (data not shown), indicating that the relationship between GGPP and apoptosis is an unexpected mechanism. Although detailed information about the mechanism remains unclear, we urge persistent users of statins to take the findings of this study into consideration. Interestingly, supplementation with FPP failed to prevent HMGCR inhibition-induced cell death, although GGPP is enzymatically synthesized from FPP. This may have occurred because IPP deficiency, resulting from HMGCR impairment, could not convert FPP to GGPP ([@bib12], [@bib38]), which was also confirmed in the present report. In addition, [@bib37] demonstrated that adipose-targeted apoptosis causes lipodystrophy. These results may underlie the strong relationship between lipodystrophy and apoptosis in aKO mice.

Obesity, a complex multifaceted disease based on an increased WAT mass, is associated with an enhanced risk for other metabolic diseases such as diabetes mellitus ([@bib27]). Notably, adipocyte turnover is extremely low in humans, such that the adipocytes replace themselves in about 10 years, whereas most other cell types only require from several days to a few months ([@bib39], [@bib42]). It appears that adipocyte death is rarely triggered, although the detailed mechanisms remain unclear. Previous reports have demonstrated that intracellular GGPP levels and Ggps expression levels increase during adipocyte differentiation. Moreover, *Ggps* gene expression levels were enhanced in WAT in both HFD-induced and ob/ob obese mouse models, as well as in diabetic db/db mice ([@bib51], [@bib52]), suggesting that GGPP may play a major role in adipocyte function. In the present study, we show that HMGCR deficiency contributed to lipodystrophy, and that this may be associated with GGPP-related regulation of apoptosis. Here, we hypothesize that GGPP is a key MVA-derived metabolite involved in maintaining adipocyte survival. Upon adipocyte expansion and maturation, increased GGPP levels may protect adipocytes from apoptosis. This hypothesis potentially suggests that adipocyte turnover may be regulated through modulation of the MVA pathway. However, further investigation is needed to clarify this hypothesis.

Overall, our results demonstrate that adipose-specific disruption of the MVA pathway causes lipodystrophy and results in several metabolic variations such as abnormal glucose and lipid metabolism, as well as hepatic disorders. Here, we propose one possible mechanism wherein GGPP deficiency in adipocytes underlies these phenotypes. Moreover, the lipodystrophy mediated by MVA pathway inhibition possibly resulted from GGPP deficiency-induced adipocyte apoptosis. Our hypothesis provides insight regarding the potential mechanisms to control adipocyte turnover through regulation of the MVA pathway, as a potential therapeutic strategy for obesity. Furthermore, these findings might provide useful information for the clinical application of statin.

Limitations of the Study {#sec3.1}
------------------------

We showed that GGPP deficiency induced apoptosis in adipocytes, suggesting that the MVA pathway is critical for adipocyte survival. However, owing to technical limitations, we could not quantify GGPP in adipocytes and adipose tissue. Therefore, we do not know the exact amount of GGPP required to ensure adipocyte survival. A main concern is regarding why blood circulation could not provide sufficient MVA or GGPP to compensate the HMGCR deficiency-induced lipodystrophy. Furthermore, we do not know whether the role of inhibited HMGCR in human adipocyte is consistent with that shown in the present study, because we used a mouse and mouse-derived cell models. Although we cannot provide any information about these issues, we aim to address such important issues in future studies to better understand the physiological function of GGPP.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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